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INTRODUCTION 
Polymerization is the process of combining many smaller molecules 
(monomer) into a macromolecule (big molecule) or polymer, Thic procc:s may 
not be familiar to everyone, but the end products such as rubber, plastics, 
fibers, coatings, and adhesives are well known. The importance of polymers 
is usually overlooked by man until he realizes how many of his possessions 
are made from polymers; perma-press clothes, polyester and nylon rubber 
tires, latex paints, vinyl products, etc. Polymer science and engineering 
is so extensive that over 50% of all American chemists and chemical engi­
neers are associated with the polymer industry (32). 
There are two basic types of polymerization: condensation polymeriza­
tion and addition polymerization. The distinction between these two cate­
gories is based on the nature of the chemical reactions by which polymeri­
zation occurs. Condensation polymerization is also labeled step-reaction 
polymerization because the polymer is formed by a series of steps. In each 
step a reaction occurs between the reactive groups of the individual mole­
cules. This process is characterized by a low molecular weight by-product 
and a non-carbon atom in the backbone of the macromolecule. The combina­
tion of an acid end group with a base end group to form an ester is an 
example of condensation polymerization with water as the by-product: 
2 HORCOOH ^ HORCO - ORCOOH + H^O 
The resulting molecule is called a dimer. With the addition of more mono­
mer, the dimer can grow into a macromolecule. 
n(HORCOCH)->.H(ORCO)^OH + (n-l)H20 
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It can be seen from the above illustration that to have a long polymer 
chain, the monomer must have two reactive or functional end groups. 
Addition polymerization is characterized by unsaturated monomer. A 
chain reaction is promoted by an active site. An initiator or catalyst 
causes one of the electrons of the unsaturated bond to become activated. 
Additional monomer units react with an activated radical at a rapid rate, 
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"'lO units per second. As each additional molecule of monomer reacts, the 
active site translates to the end position of the growing polymer chain. 
After a typical growth period of a few seconds, two different active sites 
combine to cease further growth of their chains. An example of this mech­
anism is polyethylene. 
nfCHg = CHp iCHg -
Polymer produced by these two mechanisms form long chains at different 
times in the process. Polymer formed by addition polymerization includes 
some large molecular weight chains within a few seconds after the first 
initiation. At intermediate times between the start and finish of the 
entire reaction period, the addition mechanism results in a mixture of high 
molecular weight polymer with large amounts of monomer. By contrast, the 
polymer formed by a condensation mechanism has a low molecular weight at 
early stages of the reaction, and as the reaction proceeds, all of the mono­
mer and polymer continuously combine to produce increasing molecular weight 
polymer. 
Monomer is converted into polymer by four different types of indus­
trial processes; bulk, solution, suspension, and emulsion. In the bulk 
process, monomer is charged into a reactor and initiated. As monomer is 
converted, the viscosity of the monomer-polymer mixture rapidly increases. 
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Thus, heat transfer problems develop in some polymer systems. In the solu­
tion process, a solvent is added to improve heat transfer to prevent any 
hot spots from forming. If the monomer is relatively insoluble in water, 
heat transfer properties can also be improved by using an aqueous medium as 
in the suspension process. In an agitated reactor, the monomer phase forms 
droplets. Each droplet behaves like a miniature bulk reactor. Emulsion 
polymerization is similar to suspension because of the use of an aqueous 
medium and a very low water-soluble monomer. However, the mechanisms of 
emulsion and suspension polymerization have fundamental differences, which 
are reflected in the uniformly high molecular weight polymer and reaction 
rates uniquely achievable in emulsion polymerization. The initiation mech­
anism of the emulsion polymerization process is investigated in this study. 
Emulsion polymerization took its first major step in the industrial 
spotlight in the development of synthetic rubbers. Prior to World War I, 
most of the natural rubber was imported from Southeast Asia. Between World 
War I and II, both Germany and the United States realized the benefits of 
being self-sufficient and developed a synthetic rubber program. This syn­
thetic rubber program was greatly accelerated during the Second World War. 
Special interest centered on emulsion polymerization of neoprene and sty-
rene-butadiene rubber. The emphasis on this crash program was so great 
that the production of SBR (styrene-butadiene rubber) grew from zero in 
1941 to 700,000 tons in 1945 (24). Not only was there an increase in syn­
thetic rubber products, but the careers of many chemists, physicists, and 
engineers were channeled into the polymer field in which many remained 
after the war. Even today most synthetic rubbers are manufactured by the 
emulsion polymerization process. 
4 
Since the final product is in the form of a latex, many water-dis­
persed materials such as latex paints, coatings, adhesives, and floor 
polishes use this process. Polymer plastics like ethyl acrylate, tetra-
fluoroethylene, and ABS also make use of emulsion polymerization. Most of 
the recent polymers have been developed by combining different monomer 
characteristics in the process of branching, grafting, and copolymeriza-
tion. The emulsion polymerization process is being reinvestigated as a 
means to produce these new polymers, especially in the continuous process 
(20) .  
A great stimulus in the industrial use of this process is that poly­
mers of high molecular weights can be produced at a high rate of polymeri­
zation. Polymers of uniformly high molecular weight typically have supe­
rior physical properties. Thus, emulsion polymerization is a very impor­
tant process in the manufacturing of today's synthetic materials. 
A major industrial problem is to control the rate of particle genera­
tion or nucleation in order to produce a consistent latex (10). A solution 
to this control problem requires knowledge of particle nucleation, reaction 
mechanisms, and reaction rates. 
A knowledge of the kinetics of emulsion polymerization is essential to 
produce an adequate model of the process. The kinetics of certain emulsion 
polymerizations in a batch system have been studied extensively and were 
thought to be well understood. One of the biggest problems is the incon­
sistent data on particle nucleation which varies greatly, under certain 
conditions, from the accepted theories (10). Recent industrial use of con­
tinuous reactors in emulsion polymerization has developed new enthusiasm 
for this process (20). One important area of research is to develop an 
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adequate model of the dynamic behavior of the continuous emulsion polymeri­
zation process. 
To control a continuous process, the mechanisms of emulsion polymeri­
zation must be well understood. It was felt that such knowledge was inad­
equate in the mechanism of particle nucleation. Such knowledge of particle 
formation is essential for optimization of reactor performance. In emul 
sion polymerization, each particle acts as a tiny reaction site, giving 
this process two unique characteristics. One is that high molecular 
weights can be achieved at high rates of polymerization. The other charac­
teristic is that the rate of polymerization is directly dependent on the 
number of particles present in the latex. The nucleation rate of the par­
ticles also controls both the size and size distribution of the final latex 
products. Particle size and size distribution affect the quality of the 
product. Thus, to control this process, a better knowledge of the nuclea­
tion mechanisms of emulsion polymerization is necessary. 
Particle nucleation information is experimentally obtained by taking 
particle count measurements. There are several methods described in the 
literature to measure particle count. Of these methods, only the flow 
ultramicroscope and the electron microscope seem suitable for particle 
count measurements of the small particles produced in emulsion polymeriza­
tion. 
The flow ultramicroscope (3) is an instrument used for the direct 
counting of particles in very dilute systems. A light source is shone per­
pendicular to a flowing fluid so that a glimpse of light is seen as a parti­
cle travels through the light rays. The sighting of the particle is helped 
by the use of a microscope. The effect is much like dust particles in the 
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sunlight. The flow ultramicroscope has a particle size limitation with 
partially converted latexes. The size of nucleated latex particles is 
small--estiraated to be 20-200°A in diameter. The flow ultramicroscope has 
a lower size limit of 500°A, and the very low dilution limits the accuracy 
of this method. 
The electron microscope particle count method involves using the elec­
tron microscope to measure the size distribution of a highly diluted sample 
evaporated on a grid. Partially converted latex particles consist of both 
polymer and monomer. The monomer swells the lower conversion particles and 
accounts for 50-80% of the particle volume. The high vacuum necessary for 
the operation of the electron microscope evaporates the volatile monomer in 
these partially reacted monomer swollen particles. At low conversion, this 
monomer evaporation decreases the size of the particles below the observ­
able size range limit of the electron microscope. Other limitations of 
electron microscope include: 
1. Increase in grid dimensions when irradiated.for length of time 
(5 minutes). 
2. Calibration of magnification. 
3. Effect of electron irradiation on the particles. 
It was found in using the styrene system that electron microscope measure­
ments are unreliable up to approximately 12% conversion. At this conver­
sion, the majority of the particles have been formed. To add to these 
problems, the operation of the electron microscope is both costly and tedi­
ous . 
The electron microscope has been employed in a different method of 
measuring particle count by Robb (23). His method determines particle 
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count by smoothing a known small volume of latex with polyvinyl chloride 
and isopropanol on a film. Upon drying, strips of this film can be viewed 
under the electron microscope, and by counting particles in a known volume 
of latex, the particle count is determined. Many inherent problems arise 
using this method. Many particles have to be counted - 8,000 to 10,000 to 
determine a ~10^^ particle/gram count. This method would be even more tedi­
ous and costly than the electron microscope method of particle count by 
obtaining a particle distribution. 
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EXPERIMENTAL DEVELOPMENT 
The particle count can be calculated by a material balance if the size 
distribution of the latex is known. A method of obtaining the size and 
size distribution of partially converted particles has been developed using 
the ultracentrifuge (19). There is a problem in the use of the ultracen­
trifuge size distribution of partially reacted latexes in determining par­
ticle count. A typical partially reacted latex has a large number of very 
small particles, which contribute little to the total particle weight. 
Unfortunately, the ultracentrifuge gives a weight average size distribution, 
and thus a small error in weight fraction measurement in the small particle 
size range can produce a large error in the calculation of the particle 
count. This potential problem in the small size range can be reduced by 
growing the small particles larger. 
A method of particle count incorporating a particle growth step is 
used in this study to overcome the difficulty of accurate measurement in 
the small particle range. Tlie idea is to continue chemical réaction with­
out particle nucleation to grow the small particles larger for easier 
detection. Fortunately, in emulsion polymerization, the continued growth 
process also reduces the size ratio of large and small particles in the 
latex. Experimentally, it is found that the weight rate of polymer forma­
tion is approximately the same in large and small particles. Since the 
initial latex consists of very small particles, the weight gain per parti­
cle during growth accounts for most of the final weight of a particle. 
Thus, the final latex particles are not only larger but also more uniform 
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in weight than the initial latex sample. This produces more accurate 
counting of numbers of particles in the latex. 
A key to the successful use of the particle growth method for particle 
counting is the prevention of particle nucleation during the particle 
growth period. According to the most widely accepted model of particle 
nucleation in the emulsion polymerization of polystyrene, new particles are 
formed by the combination of a free radical and a micellar cluster of soap 
molecules. But at soap concentrations below a critical level, no micelles 
are present. Therefore, the conditions of particle growth in the experi­
ments were adjusted to low soap concentrations by simple dilution with 
water to destroy all soap micelles in order that the number of latex parti­
cles would remain constant. In this way, it appears possible to monitor 
the effects of experimental variables such as concentrations, ingredients, 
or temperature on the nucleation rate of particles. 
It is possible to destroy the soap micelles by dilution. But experi­
ments eventually showed that this is not surfirieni: i.o stop nucleation. In 
fact particles were created in large numbers in diluted low conversion 
latexes, numbers comparable to those achieved in the presence of more soap. 
This problem was not recognized at first because it was encountered only 
with low conversion latexes. Both the problem and the remedy will be dis­
cussed further after the most widely accepted picture of emulsion polymeri­
zation (Sraith-Ewart theory) is described in detail. 
The emulsion polymerization of styrene has been studied extensively 
because of both its accessibility and its low solubility in the aqueous 
phase. Styrene can be polymerized using ordinary laboratory apparatus, and 
the monomer is commercially available. The fact that styrene is only 0.03 
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wt. 7o soluble in water makes it a monomer possessing true emulsion polymer­
ization characteristics. Monomers having much greater solubilities tend to 
exhibit both solution and emulsion characteristics. Because of the above 
properties, the emulsion polymerization of polystyrene was chosen as the 
experimental system for this investigation. 
Literature Review 
The emulsion polymerization of polystyrene has been studied exten­
sively in a batch reactor. Although there are still some questions about 
mechanisms, the accepted general picture of the batch emulsion polymeriza­
tion of polystyrene is as follows (12); 
1. Monomer is mostly stored in large droplets (10^) which are stabi­
lized by soap. 
2. Micelles are formed from the excess soap micelles. 
3. Monomer diffuses from the droplets through the water into the 
micelles. 
4. Radicals foiuicu by ail iuiuiatoL" cutcL xulo tlic mice 1 les âuu parti­
cles are nucleated. 
5. Polymer chains grow until terminated by another radical. 
6. Monomer continues to diffuse from the droplets through the water 
phase into the particles until the droplets disappear. This usu­
ally happens when 40-60% of the monomer is polymerized. 
7. Polymer chains continue to grow after droplets disappear because 
of the excess monomer in the particles, 
8. As particles grow, the excess soap is absorbed on the particles to 
stabilize them; micelles disappear. 
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In the development of the batch emulsion polymerization mechanisms, 
the following intervals are present according to Gardon (6): 
I. Presence of aqueous solution where soap concentration is high 
enough (above critical micelle concentration - CMC) to produce 
micelles, The soap also surrounds and stabilizes the monomer 
droplets and any growing particles which are formed. Initiator 
radicals are produced in the aqueous phase and diffuse through the 
water into the micelles thus causing the nucleation of a particle. 
II. This interval begins when all the micelles are either seeded and 
have become particles or the micellar soap molecules have been 
used as absorbed soap to stabilize the growing particles. 
III. This interval shows no presence of monomer droplets - thus, all 
the monomer is in the swollen monomer-polymer particles. 
This study mainly concerns Interval I. 
Smith and Ewart (26) were among the first investigators to develop 
ruatheir.atically Harkins ' concept of the mechanisms involved in emulsion 
polymerization. In their research, they developed equations to describe the 
number of particles present when all the micellar soap disappears. Also 
discussed in their early paper was the possibility of different numbers of 
living radicals present in a particle. From their discussion, they con­
cluded that the average number of free radicals per particle is equal to 
0.5. They concluded this 0.5 radical s/particle from an instant termination 
assumption. This instant termination implies that two activated polymer 
chains cannot coexist in the same particle. They react with each other 
instantly to produce a "dead" chain. Thus, an instant termination system 
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is described as half of the particles containing a living chain while the 
other half of the particles are "dead." Because of their early investiga­
tion, their name has become associated with the emulsion polymerization 
system consisting of a low water-soluble monomer with micelles present. 
More recently. Gardon (6, 7) mathematically explored Smith-Ewart's 
assumptions and tried to fit more data into the emulsion polymerization 
picture. From the initiator decomposition rate and the assumption that 
nucleation continues until all the micellar soap is cither nucleated into a 
particle or adsorbed onto a growing particle, he was able to calculate the 
conversion at which the surface area of the particles enuallpH the total 
soap adsorption area. Using the Gardon equation and the constants for the 
recipe used in this investigation, the conversion would be predicted to be 
22% at 60°C and 27% at 50°C when particle nucleation ceases. Gardon's cal­
culations should be valid for this system, since styrene is a low water-
soluble monomer, and there is plenty of soap to produce micelles. These 
conversions and their correspondence to this investLion are discussed 
later. 
The mathematical development of the number of particles nucleated in 
emulsion polymerization which both Smith-Ewart (26) and Gardon (6) deter­
mined is as follows: 
N = C (S)°'°(R/K)°'^ (1) 
where S = total surface area (micellar) provided by the soap 
cm^/cm^ 
3 -1 
R = primary radical production rate (cm sec) 
3 
K = volumetric growth rate cm /sec 
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C = constant 
3 
N = particles/cm 
Both investigators obtained similar conslusions. 
Smith-Ewart developed their relationship to include the two limiting 
cases where the initiator radicals are adsorbed. They obtained a value of 
0.53 for C under the assumption that all of the radicals are absorbed by 
micelles as long as the micelles are present. This assumption would lead 
to a larger predicted number of particles than actuality. For their second 
limit, they assumed that a given surface area has the same effectiveness to 
absorb radicals. They assumed this limit would produce a lower number of 
particles than actuality. The value for C under this assumption was 0.37. 
Thus, they assumed the value of C to be 0.37 < C < 0.53. 
Gardon used the similar assumption that radicals are absorbed propor­
tionally to surface area and produces a value of 0.208 for C. The differ­
ence in the parameter used for the volumetric growth rate reflects the var­
iation of the value for the constant C, The volumetric growth rate used by 
3 
Smith-Ewart was ^ while Gardon used the volumetric growth rate of 
iiA 
dt • 
This simplified equation which describes a complex mechanism is com­
posed of independent parameters. For example, the volumetric growth rate 
parameter can be determined from the bulk process; the radical production 
parameter is determined from the decomposition rate constant of the initia­
tor, and total surface area of the soap is determined from the knowledge of 
the surface area of one soap molecule. Thus, the predicted particle number 
obtained from this simplified equation should be used only as an estimate. 
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Data to confirm the above prediction can be determined by conversion-
number results, excess soap measurements, or, indirectly, by conversion-
time experiments. The excess soap or micellar soap can be measured by two 
methods. The easiest method is to monitor the surface tension of the 
latex. As the micelles disappear, the surface tension will increase and 
level off when all the micellar soap is absorbed (15). A more tedious 
method is to use a florescent dye titration (2) to determine if micelles 
are present in the latex. The confidence in previous conversion-number 
experiments is low. The constant number of particles was determined only 
indirectly. 
The basic assumption of the conversion-time measurements is that the 
rate of conversion should initially increase (which corresponds M the 
creation of new particles) and then level to a constant value at the end of 
the particle nucleation interval. This method is hard to use because of 
the difficulty in measuring rates at low conversion intervals. This diffi­
culty is mainly due to inhibitors and reLarders associated with impure 
reactants. 
Thus, until recently, the conditions of interval I have been only the­
oretically explored and indirectly confirmed by questionable experimental 
techniques. The electron microscope has been the most widely used instru­
ment for the determination of particle sizes and particle number of high 
conversion latexes. As previously mentioned, this method is costly and 
time consuming especially below 20% conversion because of the swollen prop­
erty of the particles and the small size of the unswollen particles. 
Even though there has been much research on emulsion polymerization of 
polystyrene, there still are many discrepancies about particle growth, 
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location of nucleation, and even where polymerization takes place. The 
bulk of the polymerization is believed to take place in the polymer parti­
cles rather than in the micelles or aqueous phase. Harkins (11), Smith and 
Evjart (26), and Napper and Parts (16) associste themselves with the above 
location of polymerization. But, this is not universally accepted and is 
disputed by French (5), Patsiga et al, (18), Van Der Hoff (27), Gulbekian 
(9), and Vanderhoff (28). 
Some early investigators doubted that particles are actually formed in 
the micelles. They believed that particles are formed by growing oligomers 
which precipitate from the aqueous phase. Heller and Klevens (13) suggested 
that polystyrene particles do not nucleate in the micelles but outside in 
the aqueous medium. Hohenstein and Mark (14) in 1946 demonstrated, by using 
a simple apparatus, that polymer can form in the aqueous phase. Their 
equipment consisted of a closed vessel containing K2^2^8 solution 
with an open vessel of styrene suspended above the aqueous solution. The 
atmosphere was then either evacuated or filled with nitrogen. The aqueous 
solution became cloudy which showed that polymerization was taking place, 
Hydroquinone was added first to the styrene which produced no noticeable 
effect. But when the inhibitor was added to the aqueous solution, there 
developed considerable delay before the cloudiness set in. Vinograd et al. 
(30) also observed similar phenomena. Vinograd et al. viewed the diameter 
of monomer droplets in a microscope and found that the radius of the drop­
lets decreased linearly with time. They also observed that polymer formed 
in the non-micellar aqueous phase outside of the droplets. They drew the 
conclusion that the primary radicals precipitated out of the aqueous 
phase after obtaining a certain length. French (5) also assumed from his 
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experiments that, during the induction period, surface active oligomers are 
being formed in the aqueous phase, which build up to a limiting chain 
length. If this length is surpassed, the chains precipitate as particles. 
Van Der Hoff (27) ran experiments in which styrene was replaced a lit­
tle at a time with the more water soluble monomer acylonitrile. His 
results showed that the number of particles increased proportionally with 
the monomer concentration in the aqueous phase. He also found a bimodal 
distribution of particle sizes formed with soap to reinforce his assumption 
that particles are simultaneously formed in both the micelles and in the 
aqueous phase. His rationale for the aqueous nucleation of particles is 
that persulfate radicals are anionic in charge, and with an anionic soap 
there would seem to be opposing forces to prevent or impede the diffusion 
of the radicals into the negatively charged micelles. 
A subsequent investigation by Gulbekian (9) also showed that the rate 
of polymerization depended on the solubility of the monomer in the surfac­
tant solution. He concluded that when a water soluble initiator is used, 
polymerization proceeds in the aqueous phase. Since he used the more 
water-soluble vinyl acetate in his investigations, he limited his remarks 
to indicate that the surfactant concentration will have a much greater 
affect on the less water-soluble monomers, such as styrene, than the more 
soluble ones, like vinyl acetate. 
Vanderhoff (28) viewed the mechanisms involved in interval I as initi­
ator decomposing in the aqueous phase into primary radicals. These radi­
cals slowly add monomer (slow because of the monomer concentration in the 
aqueous phase) until the radical-monomer oligomers attain such a length 
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that they acquire surface-active properties; then they integrate to the 
monomer-water interface of the micelles or particles. 
Out of all the discrepancies, the location of particle nucleation is 
probably the most controversial. But even with this main discrepancy, most 
of the investigators on both sides agree that nucleation continues until 
approximately 20-25% conversion for a standard recipe. This conversion 
level was predicted from Harkins' idea that as long as micelles exist, more 
particles are formed. Even the oligomeric particle precipitation advocates 
have not disagreed that particle formation continues until this same range 
of conversion. 
Preliminary Deceptive Results 
Early results of this investigation DECEPTIVELY indicated that the 
number of particles reached a maximum at a very low conversion and then 
decreased until the same conversion as predicted by Gardon (6), around 20%. 
This phenomenon would be unique for a low water-soluble monomer. A similar 
phenomena of a maximum in particle number has been observed in mere water-
soluble systems. 
Fitch and Tsai (4) recently completed work on the more water-soluble 
monomer - methyl methacrylate. They developed a special technique in pre­
paring grids for the electron microscope that enabled them to determine the 
size of the small PMMA particles ~0.02)i. They mentioned that until this 
time electron micrographs of PMMA particles smaller than 0.3^ in diameter 
have not been published. In their work, they found that the number of par­
ticles reached a maximum at a low conversion and then decreased at a con­
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stant number. These results are very similar to the type of data found 
early in our investigation. 
Their studies differ from our investigation in a number of ways. The 
use of a soluble monomer is assumed to exhibit different mechanisms of 
nucleation and particle growth. This is emphasized by Fitch and Tsai in 
reports of their investigations. Also, they only experimented with zero or 
very low emulsifier concentrations and suggested that their number count 
phenomena was due to this lack of emulsifier. They concluded that because 
of the more soluble monomer, nucleation occurred by oligomeric chains grow­
ing within the aqueous phase. As these chains lengthened, they precipi­
tated as particles because of exceeding their limit of solubility. Because 
of the difference in monomer solubility, the two systems have been con­
sidered to possess different nucleation mechanisms. 
Gulbekian (9) also worked with a more water-soluble monomer system -
vinyl acetate. The different solubility characteristics of styrene and 
o 
vinyl acetate are shown below at 30 C. 
27o aqueous sodium 
Hater dodecyl sulfate 
vinyl acetate (wt %) 2.3% 4,0% 
styrene (wt %) 0.03% 0.12% 
Gulbekian's investigations indicated similar results to those of Fitch and 
Tsai. The particle count decreased approximately 8 fold from 17% conver­
sion to 33% conversion at soap/monomer ratio of 0.20. At a lower soap/mon­
omer ratio of 0.08, he found only a 3-fold decrease from 20% to 40% conver­
sion. Gulbekian did not measure particle counts below 17% conversion, thus 
his data only give a partial view of the overall mechanism. His data do 
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not indicate where the peak in the particle count took place. Thus, 
Gulbekian could have seen just the tail end of the decrease in particle 
count. But, in any case, Gulbekian also indicated that the particle number 
decreased and leveled to a constant number. 
He suggested how particles may be destroyed. It is known that natural 
latexes actually coalesce to form larger particles (22). In the paint 
industry, particle size is controlled by the addition of acid to latex to 
grow particles larger. This is especially true if the surfactants are 
anionic, sulfonates, or sulfates. Rhines and McGavack (22) believed that 
particles grow as polymer forms in the dispersion phase, but agglomerating 
and fusion of small particles show an important role in the formation of 
large particles. This is especially true in a polymerizing latex where 
there are soft particles and excess monomer to help aid coalescing of the 
particle. They even produced some electron microscope pictures of small 
particles fusing into larger particles. Pictures of fusing particles were 
also obtained by Scheinker and Medvedev (25). This coalescing of particles 
at the very early conversion may explain the large decrease in number of 
particles. 
As one reviews previous experiments in emulsion polymerization, he 
finds two contradictions on the mechanisms of particle nucleation. Basi­
cally, particle nucleation theory is uivided between r.he theory origiaally 
developed by Harkins that particles are formed in micelles and the theory 
that particles are formed by precipitating oligomers from the aqueous 
phase. Thus, there is need for an investigation into particle nucleation 
to solve the contradiction between the two suggested mechanisms in emulsion 
polymerization. With the better concepts of nucleation, a more rational 
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modeling of the continuous process can be developed. Thus, there seems 
be many important uses for this low conversion particle count study. 
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EXPERIMENTAL INVESTIGATION 
Experimental Procedures 
According to the Sraith-Ewart theory (26), if micelles are present in 
the sample latex, they have to be destroyed before growth procedures can be 
used. The presence of micelles will permit continued nucleation of parti­
cles d-.J thus produce errors in the particle count. 
The simplest method to destroy the micelles, without producing side 
effects, is to dilute the latex sample with water to below the critical 
micelle concentration. There are several methods to detect the presence of 
micelles. The surface tension method (15) has been used to determine the 
CMC and the co''.-tant rate period when the particle number remains constant. 
The fluorescent dye technique has been used frequently because of its 
greater accuracy compared to the surface tension method (2). The fluores­
cent dye rhodamine 6G was used in this work uO determine the CMC. Amounts 
up to 0.04% of the dye were used in the sample latex. This solution was 
then titrated with a similar dyn concentrated aqueous solution. The titra­
tion is viewed under a UV lamp to observe the fluorescing properties of the 
dye. As th:- .-ample latex solution is diluted to approximately CMC, the 
fluorescent orange color changes abruptly to red, and the fluorescence 
ceases. Once the correct amount of dilution necessary to destroy the 
micelles is determined, the problem of creating new particles from micelles 
during further growth is solved. 
It was found by experiments (Table 1) that the magnitude of dilution 
is not important in ceasing micellar particle nucleation as long as it is 
below the CMC. This simplifies the growth technique since the amount of 
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Table 1. Effect of dilution on particle count measurements using the 
growth technique. Sample latex is at 18% conversion. 
Soap conc. Particle number 
Sample wt. fraction per gram of latex 
75-1 0.0005 0.2064 X 10^5 
75-2 0.0010 0.2392 X 10^5 
75-3 0.0023 
CMC based on recipe 
0.2469 X 10^5 
75-4 0.003 0.2581 X 10^5 
75-5 above QIC 0.004 1.520 X 10^5 
75-6 0.006 3.526 X 10^5 
dilution can be calculated from the soap/water ratio in the recipe and a 
knowledge of the soap's particular CMC. 
The system used in this report consisted of the following recipe (1); 
Parts by weight 
Water 180 
Styrene (monomer) 100 
Sodium lauryl sulfate (soap) 5 
Potassium persulfate (initiator) 0.15 
The latexes used were produced by batch process in the Chemical Engineering 
Department at Iowa State University. The reactors consisted of wide mouth 
screw cap pint jars in which baffles were installed. Holes were placed in 
the cap to provide for the stirring rod, sampling port, and for the nitro­
gen inlet needle. The reactor jars were immersc-d in a constant temperature 
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bath for temperature control. The styrene monomer was commercially 
obtained from Cope Plastics, Godfrey, Illinois. 
The monomer was purified by vacuum distillation in a 120 cm x 25 mm 
column filled with 3/4 lbs. of 1/8 inch pyrex helices. 0.3 wt. % inhibitor 
(4-tert-butyl pyrocatechol) was added to 1500 ml of styrene in the distil­
lation pot. Pot temperature was maintained around 75°C with approximately 
690 mm Hg vacuum. To prevent possible explosions, vacuum distillation 
should always be carried out at less than 100°C and pressures less than 
100 mm (31). Nitrogen gas was bubbled through the pot and column for 20 
minutes, and then the column was placed on total reflux for 30 minutes. 
The first 50 mi of distillate was removed before the column was placed on 
3/4 reflux and monomer removed. The purity of the distilled monomer was 
checked by refractive index at 25°C. It was found that its purity was 
between 99.8 and 99.9%. Redistillation of the monomer did not sufficiently 
increase the purity to warrant a second purification step. The purified 
monomer was stored at 15°C until use or not more than 45 days. 
Once the sample taken from the original latex is sufficiently diluted, 
the growth process can be initiated. The growth of the particles should be 
merely a continuation of polymerization by the addition of more initiator 
to create radicals. Experiments have shown that in growing low conversion 
particles larger, that no new monomer is needed. The free monomer taken 
with the sample is enough to produce particles in the O.lji diameter range 
compared with the sample size of 0.02^. If one wants still larger particle 
sizes, more monomer can be added with the additional initiator. 
It was found that taking a 10-gram sample of the latex and diluting 
with 130 grams of water was sufficient to destroy all the micelles present. 
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In early experiments, this mixture was simply placed in a stirred baffled 
batch reactor for growth continuation at 60°C. A nitrogen blanket was 
placed over the latex for an inert atmosphere. A mixing period of 2 hours 
usually brings the latex to 30-60% conversion range. Longer reaction times 
are needed if free monomer is still present. The particle sizes and dis­
tribution then can be determined by the ultracentrifuge. 
The sampling device used to take 20 gm of latex from the mixing vessel 
consisted of a V' tygon tubing connected to a wide mouth 50 ml flask. A 
stopper sealed the top of this flask with two openings: one for the sam­
pling tubing and one to connect to a vacuum source. Ten gm of the sample 
was taken for further particle growth, and 10 gm was used to determine the 
% conversion. It was felt that adding the 10 gm sample to 130 gm of water 
for dilution was sufficient to cool the 60°C sample to prevent the free 
monomer from evaporating. These containers were sealed and placed in a 
refrigerator until the growth continuation stage. 
In some experiments an Inhibitor was used to determine its effect on 
this method. Two inhibitors were used: hydroquinone and 4-tert-butyl 
pyrocatechol. 4-tert-butyl pyrocatechol produced little effect on the 
method except to lengthen the mixing time to obtain higher conversions. 
Hydroquinone produced an unstable effect on the latex and the polymer pre­
cipitated. The use of an inhibitor before mixing was found unnecéâBàry. 
But after the final growth process, 4-tert-butyl pyrocatechol was used to 
keep the conversion of the final growth latex the same as the sample taken 
from it. 
Different methods of determining the best drying technique to measure 
the % conversion were investigated. Samples taken from the original latex 
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are at 60°C. Thus to prevent evaporation, the 10 gm sample taken for the 
conversion determination was added to hydroquinone and capped in ceramic 
drying vessels. The two different drying techniques employed were vacuum 
and hot air oven, with two different inhibitors (hydroquinone or 4-tert-
butyl pyrocatechol) and with two different latex destabilizers (isopropanol 
or acetone). There was very little difference between vacuum drying and 
hot air (60°C) drying, except vacuum drying took much longer. One might 
think that hot air would promote polymerization, but oxygen reportedly acts 
as an inhibitor below 80°C (1). Acetone seemed to work better than isopro­
panol to destroy the stable latex to speed up the drying time. Making the 
latex unstable aids in conversion measurements because it releases the mon­
omer from the particles and decreases the chance that it will further poly­
merize. Any polymerization would result in an inaccurate conversion 
measurement. With these precautions, it was felt that the best conversion 
measurements are accurate to 0.5%. 
Knowing the size distribution of the final growth latex, the number of 
particles per gram of original latex can be determined. Since the latex 
sample contains the same ratio of ingredients as the original recipe, the 
number of particles is equal to 
r / W t .  f r a c t i o n  o f N  / Recipe amount of monomer + soapX 
V size range / \ Total amount of recipe J ( 2 )  
(Ht. of a particlc in size range) 
size ranges 
The creation of new particles by micellar nucleation during growth 
procedures was studied. In Table 1, when the soap concentration was above 
the CMC (samples 75-5 and 75-6), the creation of new particles was noticed 
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as a double peak on the ultracentrifuge schlieren pattern. A separation of 
the two peaks indicated the following number of particles: 
Soap conc. Particle number 
Sample wt. fraction Peak per gram of latex 
75-5 0.004 new particles 1.29 x 10^^ 
original particles 0.235 x 10*^ 
Total 1.525 x 10^^ 
75-6 0.006 new particles 3.23 x 10^^ 
original particles 0.293 x 10^^ 
Total 3.523 x 10^^ 
Thus, the experiment indicated that the creation of new particles by micel-
lar nucleatr.on will show up using the ultracentrifuge method. Experiment 
75 was performed on a sample Latex at 18% conversion. The peaks of sample 
-5 -5 
75-5 were at particular diameters of 0.58 x 10 cm and 1.13 x 10 cm. 
-5 
The lower weight fraction of the second peak started at 0.97 x 10 showing 
a large separation between the two peaks. Particle creation at this con­
version is easily recognized. No particle creation was seen with dilutions 
below 0.003 with 0.002 being the dilution used for the remaining runs. 
Even though the dilution inhibits micellar particle nucleation, there 
is still the problem of oligomeric particle precipitation which also 
creates new particles. Tn Table 1 oligomeric particle precipitation was 
not evident. Apparently the 18% conversion latex sample used contained 
enough particle surface area to absorb the oligomeric radicals before they 
could grow large enough to precipitate new particles. 
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Particles without Micelles 
In our early experiments, the use of a seed latex was not employed. 
The results from these experiments indicated that the particle number 
reached a maximum very early in conversion (<4%) and then decreased many 
fold to a constant particle number. The final particle number is similar 
to the predictions based on Smith-Ewart theory. 
An analysis of these results in view of the growth technique seems 
necessary. The particle numbers calculated and presented in Tables 2 and 3 
are based on the Smith-Ewart assumption of no micelles-- no nucleation. It 
was assumed that all the particles measured after further growth were pres­
ent in the original latex sample. But further investigation reveals that 
micelles are not necessary to produce particles. Table 4 indicates the 
magnitudes of the particles that are produced without micelles present. 
These results were obtained from samples which were taken from an original 
latex recipe before initiator was added. Thus, these samples theoretically 
should not contain any particles, and when diluted with 130 grams of water. 
Table 2. Particle number measurements at 50°C without the use of a seed 
latex 
Conv. when Conv. at end Particle number 
Sample sampled of growth per gram of latex 
87-0 0% 52% 1.4 X ICL 
87-1 0.1% 59% 3.9 X 10 ^ 
87-2 0.4% 28% 3.6 X lo|^ 
87-3 1% 39% 0.9 X 10:^ 
87-4 7% 39% 0.9 X 10:^ 
87-5 20% 71% 0.4 x 10:^ 
87-6 26% 62% 0.4 x 10:^ 
87-7 47% 60% 0.4 X 10 
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Table 3. Particle number measurements at 60°C without using a seed latex 
Conv. when Conv. at end Particle number 
Sample sampled of growth per gram of latex 
86-1 0% 40% 0.34 X 10: 
86-2 17o 64% 0.43 X 10: 
86-3 37o 50% 0.52 X 10: 
86-4 6% 44% 0,43 X 10: 
86-5 10% 54% 0.56 X 10 
86-6 14% 37% 0.43 X 10 
86-7 18% 54% 0.50 X 10 
86-8 30% 44% 0.31 X 10 
86-9 61% 61% 0.48 X 10 
Table 4. Oligomeric particle precipitation experimental results at various 
temperatures and initiator amounts. Growth medium consisted of 
10 g original latex (except initiator), 130 gm of water plus 
amount of initiator indicated 
Particle number per gram of latex 
Amt of initiator 50°C 60°C 
0.05 g 0.76 X 10^^ ... 
0.116 g 0.84 X 10^  ^ 1.9 X lois 
0.15 g 0.62 X 10-5 1.4 X 10^" 
0,30 g 1.4 X 10^^ 1.9 X 10^  ^
the mixture does not contain any micelles. According to the Saith-Evjart 
theory (26), these diluted samples should have no particle nucleation tak­
ing place. But one finds on a per gram diluted latex basis that particles 
are formed at similar magnitudes to the number achieved in the presence of 
more soap. 
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These results are very significant in that under similar initiator 
concentrations, particles are created without micelles present at similar 
magnitudes to the particle number one would expect under the conditions of 
Smith-Ewart theory. Thus, this demonstrates that particles are capable of 
nucleating in large numbers outside of the micelles. 
The creation of particles without micelles may explain many contradic-
tary results obtained by different investigators. Fitch and Tsai (4) in 
their work on MMA without micelles found that the particle number increased 
to a maximum early in conversion and then decreased to a constant number 
many times lower. Similar but misleading results were obtained early in 
this investigation when particle formation occurring in a medium without 
micelles was not taken into account. 
It is also interesting to note that when the soap concentration of the 
dilutent gradually increased (Table 1), the number of particles remained 
constant and increased when the CMC was reached. This indicates that par­
ticles are also created from micelles. Thus, particles can be created by 
either of two mechanisms depending on whether there are or are not micelles 
present. Later it will be demonstrated that these mechanisms can coexist 
in the same latex. 
Modification of Procedures 
The creation of particles without micelles presents a problem in the 
particle growth technique. The low conversion samples when diluted are 
capable of producing more particles. A method had to be developed to 
eliminate the creation of new particles after the dilution step in the par-
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tide growth technique. These new particles that form are believed to be 
produced by precipitation of growing oligomers from the aqueous phase. 
It has been demonstrated by several investigators that adding seed 
particles to the latex will stop the nucleation of new particles (17). A 
seeding technique has been used in which a highly converted latex is added 
to a low conversion latex to stop particle nucleation (29). The theory 
advanced for this technique has been that higher conversion particles 
adsorb all of the micellar soap, and thus there is no particle formation. 
But in this investigation no micellar soap is present in the dilute latex. 
A seeder is believed to absorb growing oligomers prior to precipitation as 
new particles. 
20 grams of a seed latex were used with the 130 grams of dilutent 
water to meet the requirements of adsorbing the oligomers in the aqueous 
phase before they grew large enough to precipitate as new particles. Dif­
ferent seed amounts were tried as indicated in Table 5. Below 20 grams of 
seed latex, the oligomeric particle formation becomes noticeable. With 
amounts above 20 grams of seed, the number of seed particles approaches the 
number of particles expected from the original 10-gram sample. Because of 
these limits, 20 grams of seed latex were used with the 130 grams of dilu­
ent water. This technique both destroys the micelles that exist in the 
orginai latex sample and inhibits particle precipitation by the oligomers. 
Thus, with this system, particle nucleation within interval I can be moni­
tored. 
The quality of the seed latex becomes important when the ultracentri-
fuge is used to determine particle size distribution of the final latex. 
VJhen particle size approaches the wave length of light used for the refrac-
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Table 5. Effect of different seed latex amounts/130 gm H^O on inhibition 
of oligomeric particle precipitation 
Theoretical Actual 
Sample Amount particles/gm latex particles/gm latex 
96-0 Seeder 
96-3 5 g 
96-2 10 g 
96-1 20 g 
97-1 20 g 
97-2 20 g 
97-3 40 g 
97-4 80 g 
103-4 Seeder 
103-1 5 gm 
103-2 10 gm 
103-3 20 gm 
0,027 X 10 
0.054 X 10 
0.077 X 
0.077 X 
0.077 X 
0.18 X 
10 
10 
14 
14 
14 
14 
10 14 
10 
0.29 X 10 
14 
14 
0.031 X 10 
0,062 X 10 
0.124 X 10 
14 
14 
14 
0.55 X lo|4 
0.16 X 10|^ 
0.25 X 10 
0.069 X 10 7 
0.058 X ICC, 
ICT^  
0.13 X 10 
0.074 X 
0.18 X lOi 
0.87 
0.05 
10 
10 
0.12 X 10 
0.04 X 10 
14 
14 
14 
14 
tive index measurements, the latex becomes turbid at very low concentra­
tions. Thus, the peaks obtained using the schlieren optics are so small 
that measurements cannot be made. One way to eliminate this problem is to 
use the electron microscope to obtain size distributions. Another method 
to alleviate this turbidity problem is to use a seed latex consisting of 
many small particles instead of a few large particles to obtain the same 
total surface area for adsorbing the oligomeric radicals. 
To produce a large quantity of seed material possessing the qualities 
of a medium to high conversion and a large number of small particles, one 
can use the oligomeric precipitation mechanism for particle nucleation. By 
this method, a seed latex is obtained that will not introduce a turbidity 
problem when using the analytical ultracentrifuge to measure particle sizes 
and distributions. 
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Thus with the above particle growth technique, it is possible to 
obtain particle count measurements in interval I of ordinary emulsion poly­
merization of polystyrene. 
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RESULTS AND DISCUSSION 
Oligomeric Deception 
The results of this study confirm the Harkins (12) and Smith-Ewart 
(26) concept that the number of particles increases monotonically during 
the nucleation period, reaching a maximum as the micelles disappear. But 
these results are only obtained when the growth medium is seeded to adsorb 
the oligomeric radicals formed. If the oligomers are not captured, they 
can grow and precipitate into particles themselves. This may be the cause 
of much of the controversy in the number of particles, coagulation of par­
ticles, and the location of particle formation. 
If the particle growth technique is employed without seed particles to 
absorb the oligomers, then results like Tables 2 and 3 and Figure 1 are 
observed. If one believes that particle nucleation ceases without micelles, 
these results show that under certain temperature conditions the number of 
particles increases to a maximum at a very low conversion and then decrease 
to approximately the same number as predicted by SmiLh-EwaiL and Gardon 
(6). To reinforce these exciting but deceptive results, there are similar 
results from other investigators using more soluble monomer systems. 
Without the use of a seed latex, a strong maximum in particle numbers 
was observed with isothermal mixing and reaction at 50°C but not found at 
60°C (Tables 2 and 3). A maximum was also observed in other non-isothermal 
experiments not shown here, which involved mixing of reactants at room tem­
perature followed by reaction at 60°C. 
Figure 1. Particle count measurements >?ersus conversion at 50°C without using a seeder latex 
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Oligomeric and Micellar Nucleation 
Entirely different particle counts are obtained when seed particles 
are used in the particle growth technique. If samples of an original latex 
are taken before the initiator is added and diluted to destroy the 
micelles, the number of particle nucleated with the addition of initiator 
should be zero according Lo the Smith-Ewart concept. But this is not what 
happens -- many particles are created, approximately the same number as the 
original recipe would produce. This phenomena is referred to as oligomeric 
particle precipitation. Thus, without any particles or micelles to adsorb 
the oligomeric radicals, they continue to add monomer molecules until they 
precipitate out of the aqueous phase as particles. The addition of a crit­
ical amount of seed latex to the particle growth medium is sufficient to 
adsorb the oligomeric radicals and stop their precipitation. 
A knowledge of the required total surface area of the seed latex 
should help provide a better understanding of the mechanisms involved in 
oligomeric particle precipitation. This total surface area is critical as 
it ensures that initiator radicals and soluble oligomeric radicals precipi­
tate into existing particles instead of combining with soluble monomer 
molecules. Thus, this critical seed surface area marks the inhibition of 
oligomeric particle precipitation. 
The addition of seed particles to the particle growth technique gives 
a different picture of particle nucleation and demonstrates clearly that 
micellar particle nucleation acts according to the predictions of Harkins 
(12) and Smith-Ewart (26). Tables 6 and 7 and Figures 2 and 3 show that 
the number of particles gradually increases until the 20-25% conversion 
range and then is constant. 
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Table 6. Particle count measurements at 50°C with seed latex 
Sample 
% conv. 
when 
sampled 
Time (min.) ° 
when 
sampled 
i conv. 
after 
growth 
Particle 
with seed 
per gram latex 
Particle 
minus seed 
per gram latex 
99-1 07= 0 41% 0.09 X 10^^ 0 
99-2 6^ 7. 2 30% 
14 
1.5 X 10 0.13 x 10^4 
99-4 15 40% 
14 
1.7 X 10 0.32 X 10^4 
99-5 0.85% 20 28% 
14 
1.83 X 10 
14 
0.43 X 10 
99-6 4% 40 31% 
14 
3.3 X 10 1.9 X 10^4 
99-7 16.5% 70 50.5% 
14 
6.2 X 10 5,0 X 10^^ 
Table 7. Particle count measurements at 60°C with seed latex 
Sample 
% conv. 
when 
sampled 
Time (min.) 
when 
sampled 
% conv. 
after 
growth 
Particle 
with seed 
per gram latex 
Particle 
minus seed 
per gram latex 
104-1 
104-5 
104-6 
104-7 
104-8 
104-9 
104-10 
104-11 
0% 
0.3% 
0.4% 
0.5% 
8.6% 
19.0% 
27.0% 
43.0% 
0 
15 
25 
45 
60 
90 
120 
140 
38% 
43% 
33% 
46% 
48% 
42% 
46% 
43% 
1.45 X loj^ 
1.45 X 10: 
1.45 X 10/ 
8.0 X 10|4 
8.0 X 10:7 
11.4 X 10 7 
12.0 X 10 
0 
0 
0 14 
6.6 X 1CC7 
6,6 X 10:^ 
10,0 X 10^ 
10.5 X 10:7 
11,0 X 10"' 
The final number of particles can be theoretically obtained from equa­
tion 3. By using Gardon's constant of 0.208 in this equation, the pre­
dicted number of particles would be 2,4 x 10^  ^particles/gram latex at 60°C 
and 1.6 X 10^^ particles at 50°C. The number of final particles experimen-
Figure 2. Particle count measurements versus conversion at 50 C using a seeder latex 
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Figure 3. Particle count measurements versus conversion at 60°C using a seeder latex 
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tally obtained was 1.1 x 10^^ at 60°C and 0.52 x 10^^ at 50°C. These pre­
dicted particle numbers are good estimates when one considers that equation 
3 is defined in terms of independent parameters which are determined by 
experiments not involving emulsion polymerization. Both Gardon (7) and 
Harada et al. (10) have found that this simplified equation estimates par­
ticle numbers 2 to 3 times higher than particle numbers obtained experimen­
tally. Thus, our results seem to be consistent with other investigators in 
being 2 to 3 times lower than the predicted particle numbers. 
The results obtained from this investigation when using a seed latex 
is what would be expected under the Smith-Ewart theory of emulsion polymer­
ization. This part of the investigation is unique in that for the first 
time the particle count has been determined in interval I. Thus, the par­
ticle growth technique has provided the means to explore this previously 
unknown interval and also provided a method for further investigation of 
particle nucleation phenomena in emulsion polymerization. 
c\ jLDL/it c J. ULiw w 0. L. 11 WJ.uii«-/uk. ui&L. o s-c: U 
further understanding about particle nucleation in emulsion polymerization. 
Figure 4 contains results obtained when the two different particle growth 
methods were used. Curve B is the result when there was no seed latex used 
in the growth medium. Curve A is the data obtained when a seed latex was 
used. It is interesting that both growth techniques approached a constant 
number of particles at approximately the same conversion. This phenomenon 
implies that the total surface area of the nucleating micellar particles 
was not sufficient to absorb the oligomers until the approximate time when 
all of the micellar particles were formed. At this point in the reaction, 
the particles' surface area has adsorbed all of the micellar soap. There-
Figure 4. Comparison of the results from the particle growth technique with and without a seeder 
latex at 50""C. Curve A is with seeder; curve B is without seeder 
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fore, the total surface area of the particles when micellar nucleation 
ceases is approximately equal to the recipe amount of micellar soap. 
Curve B between points 1 and 2 implies that the inhibition of oligo­
meric particle precipitation is not abrupt but a gradual mechanism that 
increases with the total surface area of the micellar particles. This 
indicates that the absorption reaction involved depends on the relative 
target areas between the soluble monomer molecules and the particles. 
An estimate of the total surface area of dissolved styrene molecules 
based on a monomer density of 0.880 g/cc and a solubility of 0.04 wt. % at 
o A 2 
50 C (1) is 3.6 X 10 cm per gram of water. The total surface area is 
calculated from Gardon's value of soap surface area and the recipe amount 
5 2 
of soap. This soap surface area is estimated to be 3.4 x 10 cm per gram 
of water. These two surface areas vary depending on temperature and 
recipes used. These values of surface areas indicate that at a point in 
the reaction when an initator radical has a 10% chance of hitting a monomer 
molecule, oligomeric particle precipitation ceases. This is not unreason­
able when one considers that this reaction between an oligomeric radical 
and a monomer molecule must occur many times before the oligomer grows 
large enough to precipitate out of the aqueous phase as a particle. 
The degree of polymerization of a polystyrene oligomer before it pre­
cipitates is estimated to be 30. This estimate is based on the experimen­
tal information obtained by Priest (21) for the more soluble vinyl acetate 
system. Priest found that vinyl acetate began to precipitate at a degree 
of polymerization equal to 53,5, The fact that vinyl acetate is more solu­
ble in the aqueous phase than styrene influenced the estimated value of the 
styrene oligomeric length to be lower than 53,5 -- thus the estimate of 30. 
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This means that it takes 30 reactions between an oligomeric radical and a 
monomer molecule before the oligomeric radical is large enough to precipi­
tate into a particle. If the probability of this reaction between an olig­
omeric radical and monomer molecule is 10%, the fraction of oligomeric rad-
30 
icals that grow large enough to precipitate is (0.1) or approximately one 
in 10^0. 
If this same reasoning is applied to the more soluble monomers used in 
emulsion polymerization, this mechanism would suggest that most of the par­
ticles are precipitated from oligomeric radicals instead of nucleated in 
micelles. An estimate of the total surface area of the dissolved MMA. mono-
8 2 
mer molecules is 1.1 x 10 cm /gram of water. This is many times larger 
5 2 
than the amount of micellar soap used -- 10 cm /gram of water. Thus in 
the more soluble systems, oligomeric particle precipitation is very favor­
able. 
The total surface area of the seed latex is less than the surface area 
of the dissolved monomer molecules. The seed latex surface after dilution 
3 2 
is approximately 1.5 x 10 cm per gram of water or about 24 times less. 
But why is this seeder latex surface sufficient to inhibit most of the 
oligomeric particle precipitation? A polymer chain within a particle adds 
3 
approximately 10 monomer units per second, while an oligomeric radical 
only adds 1 monomer unit per 1.5 seconds. These different rates are due to 
the different monomer concentrations surrounding the growing polymer chain. 
Because of this difference in rates, a low seed latex surface area grows 
rapidly to a surface area comparable to the dissolved monomer surface area, 
before an oligomeric radical can precipitate. Thus, the difference in 
growth rates between a particle polymer chain and an oligomeric radical 
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makes it possible to use a seed latex consisting of less surface area than 
the dissolved monomer to sufficiently absorb the oligomeric radicals and 
inhibit particle precipitation. 
Together these two different types of results explain many of the con­
troversial findings of other investigators. The fact that particles can be 
formed by either the precipitation of oligomeric radicals or by micellar 
nucleation explains the major controversy in emulsion polymerization of 
where particles are formed. Also when one realizes that a polymer chain is 
surrounded by many times higher monomer concentration in the particle than 
as an oligomeric radical in the aqueous phase, the majority of the polymer 
growth would be in the particle, Infomation indicated by curve B of Fig­
ure 4 demonstrates that oligomeric radicals can precipitate into particles 
in the presence of micellar formed particles -- thus, the two mechanisms 
can coexist together as long as the total surface area of the particles is 
below a level where the particles absorb the oligomeric radicals before 
they precipitate into additional particles. The particles formed by the 
two different mechanisms seem to be indistinguishable. 
Fitch and Tsai's (4) investigation of oligomeric particle formation 
using the more water soluble MMA system report data similar to Figure 1, 
They theorized that the number of particles decreased by flocculaticn. The 
results of our particle number count without the seed latex showed the same 
type of data that Fitch and Tsai obtained. These similar results led us to 
believe that the mechanism they described also occurred in the many fold 
lower water-soluble styrene system. The similarity of the data may be just 
a coincidence, or their phenomenon may be caused by a mechanism similar to 
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the one discovered by this report. One would have to know more about their 
experimental technique to further analyze their results. 
The oligomeric particle precipitation mechanism could explain the phe­
nomena that Van Der Hoff (27) observed when styrene was replaced a little 
at a time with a more water-soluble monomer. His results showed that the 
number of particles increased proportionally with the monomer concentration 
in the aqueous phase. This is the type of results the oligomeric precipi­
tation mechanism would suggest. Even the bimodal distribution Van Der Hoff 
observed in the particle sizes when formed with soap can be explained by 
the fact-that both mechanisms of particle nucleation can occur simulta­
neously. Thus, these observations are also explained in light of the mech­
anisms discovered by this study. 
Oligomeric Precipitation Hypothesis 
From the results of this investigation and data from literature refer­
ences, a hypothesis of particle formation is developed as follows; 
1. Initiator radicals arc formed from the uccorriposxuiou of initiator, 
2. These primary radicals can add monomer molecules that are soluble 
in the aqueous phase and form oligomeric radicals. (This idea is 
suggested by many investigators because of the water-soluble ini­
tiator used in emulsion polymerization.) 
3. These oligomers continue to add monomer units until one of two 
reactions happen: 
a. The oligomers are absorbed by either micelles or particles. 
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b. The oligomers obtain such a critical chain length that they 
are no longer soluble in the aqueous phase and precipitate as 
a particle. 
4. If sufficient micelles are present when the oligomers are growing, 
the oligomers enter into the existing micelles, and the number of 
micelles determines the final number of particles as predicted by 
Smith-Ewart and Gardon. 
5. If there is an insufficient surface area of micelles present, some 
oligomers will precipitate out of the aqueous phase as particles. 
This process will continue until a particle surface area is 
obtained when all of the oligomeric radicals will be absorbed by 
existing particles before they can precipitate. 
6. It is assumed that most of the polymerization does take place in 
the particle because of the much higher monomer concentration pre­
sented to the growing polymer chains in the particles as compared 
to the aqueous phase, 
7. Competition between the two particle nucleation mechanisms will 
depend greatly on the water solubility of monomer system used. 
The development of these concepts mathematically at low soap concen­
trations is based on the assumption that each time an oligomeric radical 
reacts, it has two distinct possibilities. In one reaction, the oligomei." 
can add a monomer unit to make it larger. The other possible reaction 
involves the absorption of the oligomer into an existing particle. Thus, 
the reactions involving an oligomer having n monomer units are as follows: 
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IN: 0 , + M = 0 Where M represents the dissolved mon-
n-1 n 
omer surface area 
OUT: 0^ + M = ®ji+l ^ represents particle surface 
area. 
0 + P P 
n Ic , kp are reaction rate con-
scants 
Other reaction targets available to the oligomers are assumed to be negli­
gible because of their low probability of occurrence. The change in 0^ 
concentration with time becomes 
do 
dT • <3) 
This equation can be simplified by assuming that the rate constants are 
equal or that = k. Then M + P becomes the total target area of 
possible oligomeric reactions. 
To determine the number of particles precipitated in the limiting case 
where there are no micelles or particles initially present, the steady-
state assumption is used. This assumption simplifies the equations to be 
developed considerably when one considers LhaL the transient solution would 
consist of 30 equations which must be solved simultaneously. The steady-
state approximation gives 
which reduces to 
with the above equal rate assumption. 
If F equals the fraction of oligomeric radicals that precipitate into 
particles with n + 1 monomer units, then 
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k(0 )(M) 
F = (6) 
k(0 )(M) + E, (0 ) k (P) 
n 1—1 1 
Substituting the steady-state assumption for 0^, this equation becomes 
p — . _ _ 
+ R ^  (1 + (l/l+R) + . . . .  +  ( I /(1+R))""b (7) 
Substituting the sum of the geometric progression, this equation reduces to 
Thus, the number of particles precipitated from oligomeric radicals is pre­
dicted by J. 
N(t) = FIdT or (9) 
o t 
N(t) = ( — dt where I is the primary radical 
\ (1+R)'^ production rate. (10) 
/o 
R represents (P)/(M) 
The ratio of surface areas. R. is a function of the number of particles 
precipitated and the time at which they are precipitated, R is related to 
the above parameters by the following integral: 
 ^ (11) 
D 
represents the number of particles 
dy formed in the interval dy at time y 
2/3 
0(t-Y) is the surface area at time t 
of a particle precipitated at time v, 
At the beginning of the nucleation period, designated as t = 0 in 
equation 10, the growing oligomers are present in equal known concentra-
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tions, and R = 0 since no particles have been formed. The time of oligo-
meric growth prior to the onset of nucleation is estimated to be 45 sec­
onds, based on the assumption that a growing oligomer will add one monomer 
unit per 1,5 seconds or 45 seconds for 30 units. The growth rate of oligo­
mers is estimated as less than the growth rate of chains in latex particles 
in proportion to the ratio of dissolved monomer in the aqueous phase and 
dissolved monomer in a latex particle. 
Two numerical solutions to predict nucleation at 50°C, low soap levels 
and initiator concentration of 0,15 grams initiator/180 grams water were 
carried out. One solution was a direct calculation based on the original 
equation 3, This calculation scheme consisted of the following steps: 
1. At t = 0, all 30 oligomeric concentrations were assumed to contain 
the same number of radicals (equal to the number of primary radi­
cals produced in 1,5 seconds), 
2. Within the next time interval of 1,5 seconds, all of the oligomers 
increased their length by one monomer unit, and their concentra­
tions decreased by the factor 1/(1+R), 
3. The oligomers consisting of 31 monomer units were considered to be 
precipitated particles, 
4. The new value of R was determined from the new particle surface 
area. 
The time constant of oligomeric monomer addition was varied to see its 
effect on the total number of particles precipitated and the length of the 
precipitation interval. The results of these calculations are shown below: 
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Length of ppt 
Time constant Particles per interval after 
per monomer unit gram latex steady-state 
0.75 0,52 X 10^^ 47 sec 
1.0 0.58 X 10^^ 60 sec 
1.5 0.67 X 10^^ 62 sec 
A second numerical solution was obtained based on equations 10 and 11, 
which incorporate a pseudo steady-state assumption implicit in equation 5. 
The Simpson integration scheme was used in this solution. The numerical 
calculations consisted of a simple march through time scheme. The system 
was designed such that at t = ^t, the first particles would be precipi­
tated. Therefore, at t = 0, the value of R is 0. At t = At and R = 0, 
equation 10 determines N(At). From this N, a new value of R can be calcu­
lated from equation 11. Thus, the value of R was calculated from the num-
-ber of particles precipitated from the previous time intervals. This 
scheme of alternating between equations 10 and 11 was continued until the 
total number of precipitated particles became constant. 
Length of ppt 
Particles per interval after 
Time interval gram latex steady-state 
0.75 0.25 X 10^5 37 sec 
1.5 0.26 X 10^^ 48 sec 
The number of particles per gram latex shown in the above results were 
chosen from the computer calculations when there was a change of less than 
-3 
10 in the total number of particles precipitated. 
These two prediction schemes represent two different solutions of the 
oligomeric precipitation model. The steady-state assumption was not used 
in the direct solution scheme. Therefore, this scheme should give a pre-
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diction of the number of particles even if the steady-state assumption is 
not valid. Equations 10 and 11 are based on the steady-state assumption. 
If this assumption is valid, both solution schemes should give the same 
results. Thus, the 50% or more difference between the results obtained by 
the two schemes are caused by the errors associated with the steady-state 
assumption. 
Table 4 gives results of particle numbers obtained by oligomeric pre­
cipitation. The recipe used in these experiments consisted of 10 grams of 
original recipe (minus initiator) to 130 grams of water. Different amounts 
of initiator were added to see their effect on particle precipitation. The 
temperature was also varied to see what effect it might have on particle 
precipitation. An increase in temperature seemed to cause an increase in 
the number of particles precipitated. But, there was too much scatter in 
the results to make any judgments on the effect of initiator concentration 
on particle precipitation. 
A comparison between the experimental results (Table 4) and the pre­
dicted calculations from the direct scheme indicates that the predicted 
results may be low. Initially, these results may indicate that the time 
constant of oligomeric monomer addition may be longer than estimated. But, 
these results may also imply that the degree of polymerization of precipi­
tated particles may be less than the estimated 30 monomer units. In either 
case, better information is needed on both the degree of polymerization of 
che precipitating particles and oligomeric rate constant of monomer addi­
tion before a better prediction can be made. 
In the oligomeric particle precipitation mechanism, the particles are 
apparently formed very rapidly. From the proposed theoretical model, all 
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of the particles are formed within C- yccuuds after the steady-state condi­
tion is reached. If the steady-state condition is reached after 1.5 sec­
onds/monomer unit times 30 units or 45 seconds, then all of the particles 
are formed within 2 minutes at 50°C. This interval of particle precipita­
tion at low soap concentrations is much less than the 15 minutes Gardon (7) 
estimated for the micellar particle nucleation at 50°C. 
The development of the oligomeric particle precipitation mechanism 
should produce new excitement in the concepts of emulsion polymerization. 
The fact that many particles can be produced in a relatively short period 
of time adds emphasis to the concept of using a prereactor (8) to produce 
particle seed for the continuous process. Also, the fact that the amount 
of soap is not necessarily important in the production of particles bene­
fits emulsion polymerization because soap usually becomes an impurity if 
the final product is creamed to produce the pure polymer. Thus, there 
seems to be many reasons why this oligomeric particle precipitation mechan­
ism colli (i develop new uses tor the emulsion polymerization process. 
And, with this new particle growth technique, it is possible to 
explore further this previously unknown interval of emulsion polymeriza­
tion. Not only can this particle growth technique be used to monitor the 
kinetics of a continuous emulsion polymerization system and produce an ade­
quate model of such a system, but it can also be used to effectively con­
trol a prereactor to produce particle seed for the continuous system. This 
knowledge is essential to adequately model the more commercially important 
continuous system and also to gain a better understanding of emulsion poly­
merization. 
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The accuracy of this method is only as good as the method of determin­
ing the size distribution of the latex. The ultracentrifuge has been cali­
brated by the electron microscope. The error associated with the electron 
microscope is approximately 10%. Thus, the best accuracy of the ultracen­
trifuge readings can only be 10%. This coupled with reading error of the 
schlieren patterns from the ultracentrifuge gives an estimated accuracy of 
15%. 
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CONCLUSIONS 
The particle growth technique developed in this investigation makes it 
possible to obtain particle nucleation measurements in emulsion polymeriza­
tion of the low water-soluble styrene system. The particle count measure­
ments of a low water-soluble monomer system has never before been obtained 
due to the small size of the nucleated particles. The diameter of these 
particles may be as little as 20°A, making direct measurements of particle 
numbers by the electron microscope extremely difficult. Plus the fact that 
these small particles contain 50-807» monomer which is vaporized under the 
high vacuum necessary for its operation, makes direct particle count meas­
urements by the electron microscope even more difficult at low conversions. 
The particle growth technique developed can give particle numbers over 
the entire interval of particle nucleation. The results obtained from this 
method confirms the concepts of micellar particle nucleation as proposed by 
Smith-Ewart (26) and Gardon (6, 7). The results obtained indicate an 
increase in particle numbers until the end of interval I as predicted by 
micellar particle nucleation theory. 
The results of this study also show that there are two possible mech­
anisms of particle nucleation. One mechanism is the micellar particle 
nucleation, and the other is the precipitation of particles from oligomeric 
radicals. The micellar particle concept has been postulated by many pre­
vious investigators and has been thought to be the only particle nucleation 
mechanism in emulsioa polymerization of low water-soluble monomer systems. 
This study demonstrates that oligomeric radicals can precipitate to form 
large number of particles under certain system conditions where there is a 
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limited surface area to absorb the oligomers before they can grow large 
enough to precipitate. 
The theoretical model developed in this study gives predicted results 
of oligomeric particle numbers similar to results obtained experimentally. 
These similar results imply that the hypothesized mechanism of oligomeric 
particle precipitation on which the model is based may be correct. 
Thus this investigation produces new insight into the nucleation phe­
nomena in emulsion polymerization and also gives a technique for further 
investigation of nucleation kinetics of low water-soluble monomer emulsion 
polymerization systems. 
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